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In tune with the growing importance of nitride 
Dr Alan Mills devices, the biennial 4th lnternatlonal 
PO Box 4098. Mountain View, Confiwence on Nitride Semiconductors in 
CA 94040, USA 
Tel/Fax: ++6So-968~qB3/8416 Denver, CO, USA in July had a 
E-mail: amills@inreach.com dance of over 540 registrants 
record atten- 
and a record 
number of papers. Improved performances 
were reported for both electronic and opto- 
electronic devices. Here we focus on opto 
developments, while in the next issue Part 2 
will cover microelectronic applications. 
Developments in nitrides: 
Part i - Optoelectronics 
In prior work, the 
Xerox group has 
reported the lift- 
off and transfer 
of blue LEDs to 
silicon, but their 
latest report 
covers lift-off 
and transfer to 
copper 
substrates... 
100 m W per facet 
was possible for 
the copper- 
mounted LOS 
compared with 
40mWon 
sapphire. 
Copper substrates! 
The current range of commercial blue laser 
diodes (JDs) on the market is accessing just a 
small fraction of the latent market for blue and 
violet LDs. 
In the huge DVD memory market, today’s red 
lasers provide a memory capacity of up to about 
5 GigaBytes, whereas a change to blue LDs will 
increase this to about 17 GB. However, violet (or 
nearUV) LDs could expand this to 20-27 GB 
without requiring a new materials system. 
Other potential applications are printing, projec- 
tion displays (l-10 Watts), biomedical sensors, 
white lighting and other lighting applications 
where the LDs would pump phosphors (as in 
fluorescent lights) to achieve 60% conversion 
efficiencies. 
For efficient LD operation the packaging becomes 
very important for reasons of drive current and 
heat removal.Thus, in the work reported by 
Xerox PARC’s Michael Kniessl, epitaxial layer 
overgrowth (ELOG) substrates have been used 
to grow the device layers - such as these three- 
quantum-well InGaN LDs - but a laser lift-off 
process is used to remove the active device 
layers from the sapphire substrate. 
Since the sapphire is transparent to 308 nm tadi- 
ation but GaN is not, an excimer laser is pulsed 
through the sapphire, heating only the nitride 
interface zone. It is a very efficient process and 
only one 20 ns pulse is required to separate the 
GaN from the sapphire, then 1.2x1.2 cm LD-con- 
taining chips can be lifted and transferred with- 
out cracks or bulging to other support materials. 
In prior work, the Xerox group has reported the 
liftoff and transfer of blue LEDs to silicon, but 
their latest report covers lift-off and transfer to 
copper substrates. 
After liftoff, the InGaN LD wafers were easily 
cleaved (leaving 5A BMS surface flatness) and 
transferred to copper chip carriers.The LDs were 
quite efficient (30 mW output from 67mA drive 
current) and CW lasing was obtained up to 90°C. 
However, at higher currents, 100 mW per facet 
was possible for the copper-mounted IDS com- 
pared with 40 mW on sapphire and a 30 hour 
lifetime. 
Similar benefits from the use of sub-mount tech- 
nology after lift-off procedures would also accrue 
to more efficient operation of high-power, 
nitride-based electronic devices. 
Novel substrate processes 
So far, many techniques to grow lowerdefect- 
level nitride layers have been tried, including 
lateral overgrowth, pendeo- and nano-column 
epitaxy (the first two are already in use 
commercially). 
Some of these processes need a masking step to 
define the growth/no-growth regions. However, 
processes which create differential growth areas 
on the sapphire or silicon carbide substrates 
without masking steps are now receiving more 
attention. 
Motoaki Iwaya of MeIjo University described the 
use of grooved sapphire or Sic substrates to 
grow lower-defect-level AlGaN, which is difficult 
over a masking material. Many of the dislocations 
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Figure 1. The Tokyo institute of Technology and the R/KEN institute have grown GJN nano- 
pillars (with aspect ratios higher than 70) on A/G.aN/si/icon carbide substrates by gas-source 
MBE (including inserting an A/GJN interlayer in the column before growing a GaN dot on top). 
The pillars can also be surrounded and supported by deposited dielectric materials and then 
function as devices after contacts have been attached. 
bend over - becoming horizontal as the growing 
islands coalesce into a uniform layer - so they do 
not travel to the surface.The Meijo team achieved 
dislocation densities of 2x107-2x10s cm-* with the 
best results currently being obtained on SiC.An 
AlGaN layer with 13% aluminium content grown 
on grooved Sic provides smooth, crack-free sur- 
faces which they plan to use for the develop 
ment of high-performance UV lasers and LEDs. 
Koji Kawasaki of the Tokyo Institute of 
Technology - in cooperation with the Institute 
of Physical and Chemical Reseat& @IKEN) in 
Saitama, Japan - reported on the growth of GaN 
nano-pillars on AIGaN/SiC substrates by gas- 
source MBE (see Figure 1 - although only one 
pillar is shown, multiple pillars are usually 
grown).These pillars can also be surrounded 
and supported by deposited dielectric materials 
and then function as devices after contacts have 
been attached. 
Using silicon dioxide as a mask, the aspect ratio 
of the pillars varied with the Group V/III ratio. 
figure 2. Lateral Epitdxid/ Patterned Surface @ES) substrate diagram. 
Mitsubishi Cab/e Industries and Stanley Electric have developed high-output-power UV LEDs 
using a parallel grooved patterned sapphire substrate for a modified EL0 MOCVD process to 
create air gaps under the groove regions of the GJN film. This J//OWS relaxation in the film 
and lowers the defect /eve/s in the non-seed areas. 
High-quality 
GaN layer 1 
region 
Sapphire Substrate groove 
substrate becoming the airgap 
But, using a growth rate of 600 nm/hr an 840°C 
growth temperature and a V/III ratio of 25, 
aspect ratios higher than 70 were obtained. 
Kawasaki and his group were also able to insert 
an AlGaN interlayer in the column before grow- 
ing a GaN dot with QW dimensions on the top 
of the pillar. 
Kasuyuki Tadamoto of Mltsubishl Cable 
Industries Ltd - in cooperation with Stanley 
Elect& Co Ltd - described the development of 
high-output-power UV LEDs using a patterned 
substrate for a modified EL0 MOCVD process. 
Parallel grooved sapphire substrates were used in 
this Lateral Epitaxial Patterned Surface (LEPS) 
processAfter about 30 minutes of growth, the 
growing GaN layers are overhanging the groove 
regions; after about 1 hour a smooth coalesced 
nitride layer is obtained, with air gaps under the 
groove regions of the GaN film (see Figure 2). 
The technique allows relaxation in the film and 
lowers the defect levels in the non-seed areas. 
(Also see the section on UV LEDs.) Cathode 
luminescence data and the defect levels over the 
air gap regions (1.5~108 cm-*) were better than 
the 4x10s cm-2 over the sapphire substrate seed 
regions. 
LED devices were grown and - after a laser lift- 
off separation - flip-chip mounted on silicon. 
Threshold voltages were 3 V but the available 
drive current rises to 20 mA at a forward 
voltage of 3.4 VThe LED emission wavelengths 
were 382 nm at a forward current of 10 mA, 
dropping to 340 nm at 100 mA. Power output 
efficiencies were 24% at 15.6 mW and 22% at 
38 mW.A 50 mW violet LED emitting at 382 nm 
was demonstrated. 
Euijoon Yoon of the National University in Seoul - 
in cooperation with Samsung - reported the 
growth of highquality GaN using a pre-heater for 
the ammonia nitrogen source.A Hanvac reactor 
was used for this epitaxial layer growth over a 
range of pressures and precursor flow rates 
(0.82 slpm for the ammonia and 20-30 seem for 
the trimethyl gallium).The growth temperatures 
were 1020-1080°C. If the ammonia pre-heater 
was maintained at 6OO-IOOO”C, there was no 
change in the growth rates.Without the pre- 
heater, GaN mobilities of 100-200 cm*/Vs were 
obtained, but with the pre-heater the ammonia 
flow could be reduced by 50% and mobllities 
increased to about 475 cm*/Vs (and 729 cm*/Vs 
at best).The pre-heater also improved gallium 
precursor incorporation. 
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Claiming to be the only institution offering 
commercial GaN substrates,Yongjo Park of 
Samsung Advanced Institute of Technology 
(SAIT), presented the latest information on 
their GaN wafers and some characteristics of 
device layers. 
Its 200-300 pm-thick HVF’E-produced 
substrates are now available as 1.5 ,. diameter 
wafers and 20 x 20 mm squares. Background 
impurity concentrations are mid-10’5 cm-3 for 
the undoped wafers; silicon-doped material has 
a low 1018 cm-3 concentration plus a disloca- 
tion level of about lo6 cm-*.After slicing and 
polishing, some scratches are still present. 
However, chemically-aided ion beam etching, 
followed by a 950°C anneal in an 
ammonia/nitrogen ambient, was reported to 
provide a smooth surface with no scratches 
and a 2A RMS smoothness. 
Other past device experience has shown that the 
indium composition of InGaN wells can vary 
with the surface roughness, thus the smooth 
wafer surface is claimed to improve the indium 
distribution and the PL intensity of the InGaN 
quantum we&The anneal also increases the 
polished wafer PL by a factor of five over the 
non-annealed wafer. Better PL spectra were 
reported for green LEDs and about 40% higher 
PL intensity was obtained from the homo-epitaxy 
devices over those grown on sapphire wafers. 
Lower stress levels due to the lack of lattice and 
thermal expansion mismatches plus higher 
thermal conductivity also contribute to higher 
device performances. 
Initial results of an aluminium nitride (AIN) on 
Sic sublimation growth process were reported 
by Bei Liu of Kansas State. University, in conjunc- 
tion with Oak ridge National Laboratory, Wichita 
State Univmity and Stanford University 
Synchrotron Radiation Laboratory. Without a 
buffer layer the AlN layers (grown on Sic) 
showed discontinuities in the growing film. 
However, if a 0.5 nm layer of MOCVD-grown 
AlN was predeposited, complete AlN coverage 
was obtained with reduced cracking. Using 
trimethyl aluminium and ammonia as the pre- 
cursors, 1 pm of AlN was deposited at a growth 
rate of 5 pm/hr under 1100°C and 80 Torr 
reactor conditions. 
F Semond of CNRS, France reported on 
MBE growth of nitrides on < 111 >-oriented 
silicon. Initial results of AlGaN and GaN 
growth had achieved mobilities as high as 
I600 cmZ/Vs. In their latest work, 2” silicon 
wafers received a 600”~ thermal clean and a 
flash clean at lOOO”C, followed by an AlN 
buffer deposited at 65O”C.After a rapid ramp 
up to the growth temperature (780°C for GaN 
and 950°C for AlGaN) thick, higher-quality 
layers could be grown which were crack-free 
up to a thickness of 3 pm. Since resistive 
n- and p-silicon substrates are available, the 
CNRS group expects commercial device 
potential for this process. 
Figure 3. NTT Basic Research laboratory in Osaka have developed a blue-emitting, hexagonal microfacet /nGaN lasec 
A shallow trench is etched through a masking layer to access the seed GaN crystal layer (a), then selected 
MOCVD growth conditions produce hexagonal microfacet crystals (b) which, with current injection, would lase 
at room temperature. 
The indium 
composition of 
InGaN wells can 
vary with the 
surface rough- 
ness, thus the 
smooth wafer 
surface is claimed 
to improve the 
indium distribu- 
tion and the PL 
intensity of the 
InGaN quantum 
wells. 
Better PL spectra 
were reported for 
green LEDs and 
about 40% higher 
PL intensity was 
obtained from 
the homo-epi- 
taxy devices over 
those grown on 
sapphire wafers. 
AlGaN 
hexagonal 
microfacet 
(a) Growth preform (b) Microfacet crystal laser 
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The South 
Carolina group is 
using pulsed 
atomic layer epi- 
taxy to produce 
LEDs emitting at 
315 and 340 nm. 
They also used 
the innovative 
co-doping process 
to incorporate 
indium and silicon 
at the same time 
- a feature that 
improves the n- 
type conductivity 
of the high-Al- 
content AlInGaN 
barrier layers... 
The team has 
now pushed the 
wavelength 
down to 305 nm. 
Blue nitride emitters 
Tetsuya Akasaka of the NTT Basic Research labo- 
ratory in Osaka, Japan announced the develop- 
ment of a blue-emitting, hexagonal microfacet 
InGaN 1aser.A shallow trench is etched through a 
masking layer to access the seed GaN crystal 
layer (see Figure 3[a]). Selected MOCVD growth 
conditions produced hexagonal microfacet crys- 
tals (see Figure 3[b]) which - with current injec- 
tion - would lase at room temperature. 
Nicolas Grandjean of Picogiga described the pro- 
duction of blue GaN/InGaN LEDs by MBE with 
ammonia as the nitrogen source. Starting with 
GaN on sapphire substrates and high Group V/III 
ratios, n-GaN, InGaN/GAN and p-GaN layers were 
grown and sharp InGaN/GaN interfaces obtained 
with no detectable indium segregation. Currents 
of 100 mA were possible at a forward voltage of 
less than 5 V to give 435 nm blue emission. 
Wavelengths were 430-480 nm, depending on 
the width of the quantum wells. Monolithic 
white LEDs were made from blue/amber emit- 
ters and reported to have 8000°C temperature 
equivalent and good colour rendition indices. 
I Ozden of Brown University - in conjunction 
with Yale University and AgileNLumileds - 
reported on matrix-addressable 1024element 
blue LED arrays.To form this multi-quantum well 
InGaN LED army, sapphire substrates were reac- 
tive ion beam etched (RIE) with parallel grooves. 
After deposition of the active GaN layers, the 
wafer was again RIE-grooved perpendicular to 
the initial sapphire grooves, creating the array of 
GaN chips.‘Iunnel junction ring contacts and 
30 pm-diameter microlenses were then added to 
complete the LED arrays, in which the individual 
LEDs had turn-on voltages of 2.7 V Computer 
simulation can generate any pattern in this array 
and turn-on and -off times have been reduced to 
1 ms for these array pixels.The potential applica- 
tion is in neuroscience, where the dye in 
neurons is blue sensitive. 
UV emitters 
Because of the market potential for white LEDs 
and because the conversion of UV and near-UV 
light into white light via phosphors is the most 
promising avenue to successful products, the 
development of W-emitting LEDs has become a 
very important research topic. 
Asif Khan of the University of South Carolma - in 
cooperation with Sensor Electronic Technologies 
(Latham, NY, USA) - has been evaluating striped- 
geometry deep UV LEDs grown on ELOG sub- 
strates by a modified MOCVD process.These 
stripe LEDs, emitting at 290-340 nm would serve 
as pumps for conventional red, green and blue 
and white phosphors. 
The South Carolina group is pioneering the use 
of high-Al-content AlInGaN layers on sapphire - 
difficult because AlGaN epitaxial layer growth 
temperatures are much higher than those for 
InGaN.Additionally, Sic substrates cannot be 
used as deep UV windows, because are 
absorbant below 340 nm. 
To overcome this, the South Carolina group is 
using pulsed atomic layer epitaxy (PALE).They 
have been able to produce LEDs emitting at 
3 15 and 340 nm. They also used the innovative 
co-doping process to incorporate indium and 
silicon at the same time - a feature that improves 
the n-type conductivity of the high-Al-content 
AlInGaN barrier layers for these LEDs (see 
III-Vs Review, Issue 5, page 28). Using this 
technology, the South Carolina/SET team has 
now pushed the emission wavelength of their 
quaternary LEDs down to 305 nm, with good 
control of the lattice and material bandgap 
parameters.The pumping of conventional 
phosphors using these quaternary deep UV 
LEDs has also been demonstrated. 
According to Asif, this research has produced sev- 
eral firsts for GaN technology: 
1. the demonstration of quaternary AlInGaN 
quantum wells grown at 775°C for compact 
UV light sources; 
2. the first quaternary UV LEDs with the active 
regions made by pulsed ALE; and 
3. the development of the first quaternary deep 
UV LEDs at 305 nm for pumping conventional 
white phosphors. 
Tao Wang of Nitride Semiconductor Ltd (a new 
Japanese venture operating in conjunction with 
Tokushima University) reported the develop- 
ment of “high output power” LEDs ranging from 
green to UV (350 nm). For the UV devices a rel- 
atively thick 3 urn GaN layer is grown on 
grooved sapphire substrates, followed by 2-4 pm 
of n-GaN, with the blocking layers and the well 
being surrounded by 50-period superlattices. 
A 20 nm p-doped GaN capping layer formed the 
finished device. Based on a 2 nm single quantum 
well using forward voltages of 5 V and 25 V and 
operating at room temperature, CW UV output 
powers were 0.1 and 0.6 mW, respectively. 
q 
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An improvement in the crystal quality of the 
GaN layer doubled the output power for a 
20 n~4 drive current. Nitride Semiconductor’s 
goal is increased power at the 350 nm emission 
wavelength as a pump for titanium dioxide, 
which is a catalyst for white-light generation 
and is reported to have almost 100% efficiency 
in this wavelength region. Using V-grooved sub- 
strates, the first LEDs emitted at 370 nm for 
InGaN and 360 nm for AlGaN.The introduction 
of an additional silicon nitride buffer layer 
changed the growth conditions and reduced the 
defect counts to about 1x10* cm-*, producing 
higherquality GaN layers. 
In developments at m Kanegwa reported by 
Toshio Nishida, n-GaN substrates were mostly 
used because they “had better flatness than the 
silicon carbide”. Using a high-Alxontent blocking 
layer and aluminium/gold bottom contacts for 
the thin AlGaN quantum well devices, emission 
was at about 352 run. Below this wavelength, the 
GaN substrates begin to absorb the radiation. 
Developed on 300x300 pm chips, these UV LEDs 
were 1% efficient with about 1mW output from 
Sic substrates and 10 mW from homo-substrate 
GaN LEDs. 
Yiping He of Brown Univen~Ity - in cooperation 
with Yale Univ&ty, -Lightingand 
Agllent Technologies - described the develop- 
ment of resonant vertical-cavity violet LEDs, 
using three approaches to the preparation of 
vertical-cavity emitters.Two different dielectric 
mirror combinations were used - indlum-tin-oxide 
(ITO)/silicon dioxide and hafnium dioxide/sili- 
con dioxide - to confine the AlGaN/GaN multi- 
quantum-well active layers. Optical pumping pro- 
duced violet emission at 380 nm. Using IT0 as 
the current spreading material, currents as high 
as 7000 A/cm2 were obtained. In another device 
design,AlGaN/GaN mirrors were used (with tun- 
nel junction effects used to obtain current 
spreading).The Brown University team expects 
that some of these device concepts will be good 
prospects for blue and near-UV vertical-cavity 
surface emitting lasers. 
High-intensity W LED research is also an 
important project at RIKEN. Hideki Hirayama 
described work on 6H-SiC substrates and 80:20 
AIGaN/AlGaN:Si superlattices to obtain low- 
defect-level starting material. Growth tempem- 
tures and growth rates for the different alloy 
composition layers were: 114@12OO”C and 
0.4 w for AlN, 1080-l 120°C and 24 cun/hr for 
Ni/Au 
p-GaN:Mg(GOnm) 
i-lno.o,AIo.,Gao.6lN 
active layer (80nm) 
n-AIo,,sGao,s,N:Si(600nm) 
n-AIo,,,Gao,,N:Si(50nm) 
SiC(OOO1) substrate 
Ni/Au 
Figure 4. Schematic structure of the fabricated 
high-intensity AllnGaN W-LED developed by the 
institute of Physical and Chemical Research (R/KEN) in 
Saitama, Japan. 
GaN [both using a hydrogen -nitrogen carrier 
gas], 68@78O”C and 0.1 m for InGaN, and 
83@95O”C and 0.12 m for the quatemary, 
respectively [the latter two using only nitrogen 
as the carrier gas]. High-Al-content layers can be 
made by this process and, at 80% Al, no yellow- 
band emission was detected. Using magnesium as 
the pdopant, hole concentrations as high as 
3x1017 cm-3 were obtained for Al contents as 
high as 50%. 
Figure 5. R/KENS comparison of the intensity of UV LEDs 
with AllnGaN, AlGaN and GaN active regions. 
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Figure 6. An EL intensity comparison for R/KEN s promising 
quaternary LEDs, for currents densities up to 200 A/cm t. 
Good PL emission was obtained at wavelengths 
as low as 230 nm at 77K, but room-temperature 
emission in the 300 nm range was weak. 
Hirayama estimates that an indium content of 
more than 5% is required for efficient quaternary 
lasers (see Figure 4). For the growth of these 
quaternary LEDs, the indium and gallium feeds 
were kept constant and the aluminium precursor 
introduced. As the ahuninium was introduced 
into the growing layers, the indium content 
doubled with an improved crystal quality 
(similar to that of InGaN). 
At 5% indium content, the PL intensity increased 
by a factor of over 1000 and for a well-width 
of 1.4 nm the PL at 318 nm was as good as 
that from InGaN quantum wells. Cathode 
Figure 7. Schematic structure of 7byoda Goseis latest 
laser diode. 
n-GalnN/GaN 
- n-AIGaN 
n-electrode 
/ 
Sapphire substrate 
luminescence images indicated some indium seg- 
regation. High p-doping levels were obtained by 
the co-doping of magnesium and silicon, but the 
aluminium content was limited to 30% for these 
layers. With a 50% alumlnium content in the 
well, the electroluminescence was very strong at 
345 nm without the oft occurring yellow band. 
Room-temperature CW operation was achieved 
for the AlInGaN devices (see Figure 5) and is 
much better than that for the existing InGaN 
LEDs.An EL intensity comparison for these prom- 
ising quaternary LEDs, for currents densities up 
to 200 A/cm*, is provided in Figure 6.The RIKEN 
group also expects these quaternary LEDs to be 
very good for phosphor-based white-light pro 
duction. Output powers for these devices will be 
reported in the near future. 
Commercial products 
With technology for basic blue and green 
LED production a fait accompli for some com- 
panies and with the market established and 
growing, the leading companies have moved 
their nitride materials focus toward the higher- 
brightness and higher-power markets.These 
include high-wattage applications for traffic 
signals, signs, traffic control, optical storage and 
consumer products, including huge white-light 
applications. 
According to Shoji Iwayama, Toyoda Gosei’s 
near-term goal is the blue laser for DVD applica- 
tions. Its ftrst laser was developed in conjunction 
with Professor Akasaka in 1995 and now, with 
the incorporation of a dual low-temperature 
buffer layer, these low-power lasers have life- 
times exceeding 10,000 hours.Toyoda pioneered 
a unique application of 380 nm purple LEDs for 
a photo-deodourizing air cleaner that is in use in 
some cars and can also be used as a room 
deodourizer. 
Their latest lasers (see Figure 7) use a dual buffer 
layer structure (GaN or AlN) with a no-mask 
ELOG process, providing device layers with etch- 
pit densities in of about 5~10~ cm-2. Starting 
with narrow stripes of GaN seed layers on the 
sapphire substrate at 20 nm spacings, the ELOG 
process provides low-defect-level material over 
the wing region, which is then used for laser 
manufacture. 
These more efficient lasers, where the superlat- 
tice cladding reduces internal loss, are past the 
1000 hour lifetime test at 3 mW CW operation, 
with estimated lifetimes in excess of 5000 hours 
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Figure 8. Current vs Light output U-L) characteristics for a 
408 nm laser diode (for CW operation during a lifetime 
test at 25 C) for the output range up to 80 mW 
Courtesy of Toyoda Gosei. 
(Figure 7)The operating wavelength is 408 nm; 
the threshold voltages and currents are 6.2 V and 
78 mA, respectively By flip-chip mounting onto a 
heat-sink platform, up to 80 mW output has been 
achieved at room-temperature CW operation (see 
Figure 8). Commercial production will start this 
autumn. 
Takashi Mukai reported on recent progress at 
Nichia Chemical Co (the only manufacturer of 
commercial, short-wavelength laser diodes). 
Starting in 1999 with a 5 mW LD, Nichia fol- 
lowed with a 30 mW 465 nm LD in 2OOO.This 
March it announced a 366 nm UV laser based 
on MOCVD-grown ELOG substrates which uses 
both AlInGaN and GaN layers, with a single 
5-10 nm undoped GaN quantum well as the 
active layer. It produces 2 mW CW output from 
a 1.8x650x0.6 pm cavity, operating at 25°C at a 
current density of 3.5 kA/cm2. Efficiencies of 
20% have now been reported for multi-quan- 
tum-well LDs and 30-40% at lower tempera- 
tures. However, room-temperature efficiencies 
are only about 50% of the 1OOK values, leaving 
plenty of room for product development.The 
best nitride lasers now operate at up to 50°C 
(compared with 25°C for the early models), 
have lifetimes in excess of 15,000 hours and 
are still made on ELOG substrates with defect 
levels of 7x105 cm-2 and using zirconium oxide 
passivation. 
Nichia’s largest market is in green , blue and 
white GaN-based LEDs, where high efficiencies 
are very important. As an example, Mukai 
showed a 400 mA single white LED flashlight, 
which (Eke many of today’s high-brightness LEDs) 
was difficult to look at with the naked eye. 
Nichia has completed a large facility for the pro 
duction of these devices and has a continuing 
development programme to improve the output 
power of the whole range of LEDs, including the 
drivers for white-light production (which now 
centre on blue and UV conversion).The potential 
for the white-light LED market is huge and every 
increase in light output opens up additional mar- 
kets, but much higher light outputs per chip are 
required before the largest market segments are 
accessible. 
Werner Goetz of LumlLeds Llghtlng (San Jose, 
CA, USA) described its programme to extend 
the power range and wall-plug efficiencies of 
visible nitride-based LEDs. Its LUKEON range of 
high-output LEDs comprise power LEDs based 
on larger chips which do not use epoxy encap- 
sulants (limited to 120°C) and which have high- 
er current and power handling capabilities 
(l-10 W power in) - compared with standard LEDs 
that have power inputs in the 100 mW range 
and high thermal resistance (200K per watt 
versus 12K per watt for some of the LUXEON 
products). 
The larger chips have much higher output per 
chip (2 lumens for the standard green LED vs 
50 lumens for the LUKEON green LED) and also 
tend to have higher efficiencies (8% vs 13%).The 
importance of improved LED performance is 
illustrated by the change in traffic light needs 
(down from 200 standard LEDs for a signal head 
to only 18 power LEDs). 
The quantum efficiencies are quite high: 
24% at 428 nm, 14% for traffic signals at 500 nm 
and 10% and 100 lumens per LED at 527 nm. 
For the green LEDs, 150 lumens are extractable 
per LED at 3 V forward voltage and a 350 mA 
drive current.The latest additions to this product 
line are ring and bar LEDs. 
To achieve the improved performance several 
techniques have been used such as reducing 
carbon impurity levels and the use of inter-digi- 
tated contacts and flip-chip mounting on silicon 
for high extraction efficiencies. Silicon is a shal- 
low acceptor (-20 meV) and at a constant sili- 
con concentration, low carbon levels give a 
mobility value of 250 cm*/Vs, whereas high car- 
bon levels reduce the mobility to 170 cm*/Vs, 
with carbon acting as a deep acceptor 
(120-200 meV). Future technology advances 
may come from many directions, but will still 
need improved internal efficiencies and better 
extraction efficiencies. 
The larger chips 
have much higher 
output per chip 
(2 lumens for the 
standard green 
LED vs 50 lumens 
for the LUXEON 
green LED) and 
also tend to have 
higher efficiencies 
(8% vs 13%). 
The importance 
of improved LED 
performance is 
illustrated by the 
change in traflc 
light needs (down 
fkm 200 standard 
LEDs for a signal 
head to only 18 
power LEDs). 
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